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A novel antiinfective approach is to exploit stresses already imposed on invading organisms by the in vivo 
environment. Fe metabolism is a key vulnerability of infecting bacteria because organisms require Fe for 
growth, and it is critical in the pathogenesis of infections. Furthermore, humans have evolved potent Fe-
withholding mechanisms that can block acute infection, prevent biofilm formation leading to chronic infec-
tion, and starve bacteria that succeed in infecting the host. Here we investigate a “Trojan horse” strategy 
that uses the transition metal gallium to disrupt bacterial Fe metabolism and exploit the Fe stress of in 
vivo environments. Due to its chemical similarity to Fe, Ga can substitute for Fe in many biologic systems 
and inhibit Fe-dependent processes. We found that Ga inhibits Pseudomonas aeruginosa growth and biofilm 
formation and kills planktonic and biofilm bacteria in vitro. Ga works in part by decreasing bacterial Fe 
uptake and by interfering with Fe signaling by the transcriptional regulator pvdS. We also show that Ga is 
effective in 2 murine lung infection models. These data, along with the fact that Ga is FDA approved (for i.v. 
administration) and there is the dearth of new antibiotics in development, make Ga a potentially promising 
new therapeutic for P. aeruginosa infections.

Introduction
Recently much attention has been focused on the need for new 
antimicrobial agents. Heavy antibiotic use and person-to-person 
spread of bacteria have greatly increased antibiotic resistance due 
to genetic mutation, and this problem is continually increasing in 
severity (1). The bacterium Pseudomonas aeruginosa is a prime exam-
ple: 30% of clinical isolates from ICU or nursing home patients are 
now resistant to 3 or more drugs, and a similar situation exists for 
other organisms (2). Despite these trends, only 1 new antibacterial 
drug with a completely novel mechanism of action has been intro-
duced in the past 3 decades (linezolid), and very few new antibiot-
ics are in advanced development (1).

New agents are also needed because conventional antibiotics 
generally work poorly in chronic infections, even when the bacte-
ria are susceptible when tested ex vivo. A key factor accounting for 
this is that the infecting organisms live in biofilms, surface-associ-
ated bacterial communities encased in a polymeric matrix (3, 4). 
Physiological changes inherent to biofilm growth make bacteria 
far more resistant to killing by the immune system and antibiot-
ics than cells in the free-living (planktonic) state (5). Examples of 
biofilm infections include the airway infections in cystic fibrosis 
(CF) patients, chronic wound and sinus infections, endocarditis, 
and medical device infections, among others (3, 4).

A novel approach to combating infection is to exploit stresses 
already imposed on organisms by the in vivo environment or 
host defenses. Fe metabolism is a major vulnerability for infect-
ing bacteria for 2 main reasons. First, in almost all pathogens, 

Fe is essential for growth and the functioning of key enzymes, 
such as those involved in DNA synthesis, electron transport, and 
oxidative stress defense (6). Second, free Fe levels are extremely 
low in vivo (approximately 10–18 M) due to multiple host defenses 
that sequester Fe, and this is a potent deterrent to both acute and 
chronic infection (6). The importance of Fe limitation in block-
ing acute infection has been established using at least 18 dif-
ferent bacterial species. In these studies, increasing the amount 
of available Fe markedly reduced resistance to acute infections  
(6, 7). For example, a single injection of Fe decreased the lethal 
dose of a P. aeruginosa strain (in a murine acute infection model) 
from more than 104 organisms to fewer than 10 (8).

Work by a number of laboratories also links Fe metabolism to the 
pathogenesis of chronic infections, in that high Fe levels (i.e., more 
Fe than is required for growth) promote biofilm development. 
High levels of Fe are required for the formation of cell clusters early 
in biofilm development and for the maturation of biofilms into  
3-dimensional structures (9–12). Fe-withholding defenses may also 
be protective during infection, as bacteria taken from infection sites 
show gene expression profiles of Fe starvation (13–15).

The fact that host defenses severely limit available Fe and the 
importance of Fe in infection suggest that invading organisms 
may be vulnerable to interventions that further disrupt Fe acqui-
sition or metabolism. Unfortunately, exploiting this vulnerability 
has proved to be difficult. Fe chelation therapy has been tried, 
but some organisms use Fe complexed to chelators, and second-
ary infections occurred (16). Targeting bacterial Fe acquisition is 
also problematic because most pathogens have many redundant 
uptake systems; P. aeruginosa has more than 30 genes encoding 
Fe receptors (17). This redundancy reduces the likelihood that Fe 
uptake systems could be effectively blocked.
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Here we explore an alternative approach that uses the transition 
metal Ga as a “Trojan horse” to disrupt bacterial Fe metabolism. 
Ga has an ionic radius nearly identical to that of Fe, and many 
biologic systems are unable to distinguish Ga3+ from Fe3+ (18). 
Ga can disrupt Fe-dependent processes because, unlike Fe3+, Ga3+ 
cannot be reduced, and sequential oxidation and reduction are 
critical for many of Fe’s biological functions (18). Furthermore, 
Ga is already FDA approved, and large doses are given (i.v.) to treat 
hypercalcemia of malignancy (19).

We tested this approach using the opportunistic pathogen 
P. aeruginosa because it causes deadly acute infections and it 
avidly forms biofilms leading to intractable chronic infections. 
We found that Ga inhibits P. aeruginosa growth, prevents bio-
film formation, and has bactericidal activity. Furthermore, Ga 
is effective in 2 different experimental animal infections that 
model acute lethal pneumonia and an airway biofilm infection. 
Our work also sheds light on Ga’s mechanism of action, show-
ing that Ga is taken up by P. aeruginosa, that it decreases bacterial 
Fe uptake, and that it works in part by repressing the Fe-respon-
sive transcriptional regulator pvdS.

Results
Ga inhibits growth and kills planktonic bacteria. As a first step in 
studying the antimicrobial action of Ga, we examined its effects 
on growth of the laboratory P. aeruginosa strain PA01 in batch 
cultures. For consistency, experiments were performed with 
Ga(NO3)3 (the FDA-approved formulation) in biofilm medium 

(see Methods) at 37°C, unless specific assays required other 
conditions. Ga inhibited the growth of PA01 in a dose-depen-
dent manner at concentrations greater than 1 μM (Figure 1A). 
Ga’s growth-inhibitory action was somewhat more pronounced 
at room temperature (Supplemental Figure 1; supplemen-
tal material available online with this article; doi:10.1172/
JCI30783DS1), and NaNO3 (a control for the effect of nitrate) 
had no effect on growth. Bactericidal assays showed that higher 
levels of Ga also killed log- (data not shown) and stationary-
phase bacteria (Figure 1B).

To begin investigating whether the antimicrobial action of Ga 
was mediated by effects on Fe-dependent processes, we tested 
Ga in the presence of increasing concentrations of Fe (FeCl3). Fe 
addition reversed Ga’s growth-inhibitory effects; however, a high-
er molar ratio of Fe as compared to Ga (approximately 5:1) was 
required to restore growth to control levels (Figure 1C).

Multidrug-resistant CF isolates are sensitive to Ga. During chronic 
infections, bacteria undergo genetic change as they adapt to 
selective pressures within the host (20). Because Fe is severely 
limited in vivo, Fe uptake mechanisms may evolve during infec-
tion, and this could affect Ga’s action. To investigate this, we 
tested 3 collections of CF isolates for sensitivity to the growth-
inhibitory effects of Ga.

In a general collection of 71 CF isolates (Figure 1D), only 13% 
were more resistant to Ga than the laboratory strain PA01. We 
also tested a separate collection of 23 CF isolates resistant to 3 
or more antibiotics and again found relatively few (17%) that 

Figure 1
Effect of Ga on P. aeruginosa growth. (A) Ga(NO3)3 inhibits 
P. aeruginosa growth in a concentration-dependent manner. 
Experiments were performed in biofilm medium at 37°C, and 
data are the mean of 4 experiments; error bars indicate SEM. 
(B) Ga kills P. aeruginosa. Bacteria were grown in TSB to sta-
tionary phase and incubated with indicated concentrations of 
Ga(NO3)3 for 24 hours. Cells were then pelleted and washed 3 
times to remove Ga, and viable bacteria were enumerated by 
plate counting. Data are the mean of 3 experiments; error bars 
indicate SEM; *P < 0.001 versus the untreated control. (C) The 
addition of Fe (FeCl3) diminishes Ga’s growth-inhibitory effects. 
Data are the mean of 3 experiments; error bars indicate SEM. 
(D) Ga sensitivity of P. aeruginosa isolates from chronically 
infected CF patients. Clinical isolates and PA01 bacteria were 
grown for 24 hours at 37°C in BM2 succinate medium with 0.1% 
casamino amino acids with increasing (2-fold) concentrations of 
Ga(NO3)3. The IC90 of PA01 (determined by measuring OD600) 
was 10 μM Ga in this medium. Isolates represented by points 
lying above the dotted line were more resistant than PA01. Data 
are mean of 2 measurements for each isolate.
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were more resistant than PA01 (Figure 1D). Finally, we exam-
ined whether Ga sensitivity changes during infection by testing 
paired clonally related isolates from 20 patients that were col-
lected at an early and late stage of infection (isolates were col-
lected 5–20 years apart; ref. 20). The Ga sensitivity of the major-
ity of isolates remained constant or decreased during the course 
of infection (data not shown).

Of note, the degree of Ga resistance found was generally mod-
est. Except for 1 outlier (of 115 strains tested), the most resis-
tant clinical isolate had an inhibitory concentration only 4-fold 
higher than that of PA01. These data suggest that neither the 
bacterial adaptations associated with CF infection nor resis-
tance to conventional antibiotics are likely to compromise Ga’s 
antimicrobial activity.

Low concentrations of Ga prevent biofilm formation. The link between 
Fe and biofilm formation (9–12) and the fact that Ga can disrupt 
Fe-dependent processes (21) led us to investigate the effect of Ga 
on P. aeruginosa biofilm development. Studying Ga’s effects on bio-
films was also of interest because low concentrations of a number 
of antibiotics promote biofilm formation, perhaps because bio-
film growth can be induced as a consequence of stress (22–25). 
These findings have raised the worrisome possibility that antibi-
otic concentrations that fail to completely kill may actually pro-
mote chronic infection.

To determine whether Ga affects biofilm formation, we grew 
biofilms in the presence and absence of a low concentration of 
Ga(NO3)3 that modestly slowed planktonic growth (Figure 2A 
and Supplemental Figure 1). In control medium (no Ga), biofilms 
developed in a typical manner. Bacteria attached to the growth 
surface, formed cell clusters, and then matured into tower-shaped 
biofilm structures (Figure 2A). The addition of Ga completely 

blocked biofilm formation; attached bacteria remained as sepa-
rated individual cells even after 5 days (Figure 2A). As with Ga’s 
growth-inhibitory effects, a higher molar ratio of Fe than Ga 
(approximately 10:1) was required to reverse the effect of Ga on 
biofilm formation (Figure 2B).

The antibiofilm effect of Ga appeared to be similar to that seen 
in previous work with the Fe-binding protein lactoferrin (9). Fe 
sequestration by lactoferrin was found to stimulate bacterial sur-
face motility, thereby preventing the formation of cell clusters. 
It also increased the rate at which bacteria detached from the 
growth surface and slowed the growth of attached cells some-
what. To determine whether Ga acted in a similar manner, we 
performed time-lapse microscopy of P. aeruginosa growing in bio-
film reactors in the presence and absence of Ga. Ga slowed the 
growth of attached bacteria and increased the rate at which cells 
detached (Figure 3, A and B), as was seen with lactoferrin (9). 
However, Ga did not stimulate bacterial surface motility in bio-
film reactors or in motility assays (Supplemental Figure 2). These 
data suggest that Ga and lactoferrin inhibit biofilm formation, 
at least in part, by different mechanisms.

Ga augments the antimicrobial action of lactoferrin in vitro. Lactoferrin 
is abundant on mucosal surfaces and is secreted by neutrophils 
at sites of infection (26). Thus, in clinical use, Ga would likely be 
applied to sites where high concentrations of lactoferrin are pres-
ent. Because lactoferrin works by binding Fe, the activity of Ga 
and lactoferrin may be enhanced in combination, as Fe limitation 
produced by lactoferrin could increase Ga’s effects (see Figure 1C 
and Figure 2B). An antagonistic interaction is also possible if Ga 
liberated lactoferrin-sequestered Fe.

To distinguish between these possibilities, we examined the 
growth-inhibitory and antibiofilm actions of lactoferrin in the 
presence of Ga. Whereas Fe blocked the growth-inhibitory action of 
lactoferrin, Ga addition increased it (Figure 3C). Ga also enhanced 
the antibiofilm activity of lactoferrin (Figure 3D and Supplemental 
Figure 3). These findings are consistent with previous work show-
ing that lactoferrin has a higher affinity for Fe than for Ga (27) and 
with our finding that Ga’s activity is enhanced in low Fe conditions 
(Figure 1C and Figure 2B). If these findings reflect the situation in 
vivo, Ga is not likely to interfere with the host defense functions of 
lactoferrin and may in fact augment them.

Ga kills established P. aeruginosa biofilms. To determine whether 
Ga kills established biofilms in vitro, we grew biofilms for 3 days 
(with no Ga present) and then switched to medium containing 
10, 100, and 1,000 μM Ga. Bacterial viability was assayed using 

Figure 2
Ga prevents P. aeruginosa biofilm formation. (A) Confocal micro-
scopic images of GFP-expressing P. aeruginosa in flow cells 
perfused with biofilm medium without (left) and with (right) Ga, 5 days  
after inoculation. Experiments were performed at 25°C using 0.5 μg/ml  
Ga(NO3)3; this concentration modestly inhibited growth at 25°C (see 
Supplemental Figure 1). Higher concentrations [1, 5, and 10 μM 
Ga(NO3)3] also inhibited biofilm formation. Top images are top-down 
views (x-y plane); bottom images are side views (x-z plane); the dot-
ted line represents the biofilm growth surface; scale bars: 50 μm. 
Results are representative of 6 experiments. (B) Biofilm flow cells 
were perfused with increasing concentrations of FeCl3 in the pres-
ence of 1 μM Ga(NO3)3. Approximately 10 μM FeCl3 was required to 
completely reverse the antibiofilm effect of 1 μM Ga(NO3)3. Images 
are top-down views (x-y plane); scale bar: 50 μm. Results are repre-
sentative of 3 experiments.
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a live/dead stain. Ga killed biofilm bacteria in a dose-dependent 
manner, and by 72 hours the bulk of biofilm bacteria treated 
with 100 and 1,000 μM Ga were killed (Figure 4A and Supple-
mental Figure 4). Ga killed biofilm bacteria with an unexpected 
pattern, as cells located in the center of biofilm structures were 
particularly sensitive to Ga (Figure 4, A and B). This is of inter-
est because some antibiotics, including tobramycin (Figure 4B) 
and ciprofloxacin, are relatively ineffective at killing cells in the 
interior of biofilms (28, 29).

Although the mechanisms producing antimicrobial resistance 
of biofilms are incompletely understood, a leading hypoth-
esis posits that internal populations resist killing because the 
metabolic activity of overlying cells limits the nutrient reach-
ing them. This produces resistance because nutrient limitation 
generally decreases the effectiveness of antibiotics (30). Howev-
er, our data with planktonic bacteria (Figure 1C and Figure 2B)  
indicate that the limitation of at least one nutrient, Fe, enhanc-

es the antimicrobial activity of Ga. This led us to 
hypothesize that internal biofilm populations may be 
more susceptible to Ga, in part, because of Fe limita-
tion in these regions.

We tested this hypothesis in 2 ways. First, we added 
Fe during Ga treatment and found that central killing 
did not occur (Figure 4C). Second, to localize regions 
within biofilms where Fe limitation occurs, we used a  
P. aeruginosa strain containing an Fe-responsive promot-
er (transcribed when Fe levels are low; see Supplemental 
Figure 5) linked to a short-half-life GFP reporter. The 
highest level of fluorescence intensity was seen in the 
central biofilm regions, and the addition of Fe decreased 
reporter expression within 2 hours (Figure 4D).  
A similar result was seen using a long-half-life reporter 
(Supplemental Figure 6). These data indicate that the 
promoter used is Fe responsive when grown in biofilms 
and suggest that cells in the internal regions experience 
Fe limitation. Taken together, these data are consistent 
with the hypothesis that internal populations are Ga 
sensitive because of relative Fe starvation.

Ga is taken up by P. aeruginosa, and mutations in major iron 
uptake systems do not produce Ga resistance. Fe acquisition 
by some bacterial systems involves Fe reduction (31). 
Because Ga cannot be reduced, it was not clear whether 
Ga would be taken up by P. aeruginosa or whether it 
exerted its effects from the outside of cells, for example 
by blocking Fe uptake systems. To test this, we incu-
bated bacteria with radioactive Ga (67Ga), washed them 
repeatedly in the chelator EDTA to remove noninter-
nalized metal, and measured Ga uptake using a gamma 
counter. As shown in Figure 5A, WT P. aeruginosa took 
up Ga in a concentration-dependent manner.

CF isolates commonly develop mutations in biosyn-
thetic genes of the siderophore pyoverdine, perhaps 
because pyoverdine is a ligand for the immune system 
(20). If Ga uptake required the pyoverdine system, its 
activity could be compromised in CF. However, we 
found that inactivation of the pyoverdine system had 
only a modest effect on Ga uptake (Figure 5A) and actu-
ally somewhat increased the sensitivity of P. aeruginosa  
to Ga’s growth-inhibitory and antibiofilm effects  
(Figure 5, B and F). We also tested mutants with the 

siderophore pyochelin and ferric citrate systems inactivated and 
a double mutant with both the pyoverdine and pyochelin sys-
tems inactivated. All took up Ga, and all were sensitive to Ga’s 
antibiofilm and growth-inhibitory actions (Figure 5, A and C–F). 
These data indicate that Ga’s activity is not dependent upon any 
one of the Fe uptake systems we examined and that inactivation 
of these systems is not likely to produce Ga resistance.

Ga disrupts Fe metabolism in P. aeruginosa. In experiments 
described above (Figure 1C and Figure 2B), we found that high-
er molar ratios of Fe to Ga were required to reverse Ga’s growth-
inhibitory and antibiofilm effects. One explanation is that 
Ga impaired bacterial Fe uptake. We measured Fe uptake by  
P. aeruginosa in the presence and absence of Ga and found that 
Ga inhibited the uptake of Fe in a concentration-dependent 
manner (Figure 6A). Surprisingly, the converse was not true; 
Fe had little effect on Ga uptake by P. aeruginosa (Figure 6B).  
These data suggest that the dynamics of Ga and Fe uptake are 

Figure 3
Ga inhibits growth of biofilm-forming cells, stimulates detachment, and its 
activity is enhanced by lactoferrin. (A–B) The dividing time (A) and detach-
ment rate (B) of attached bacteria were increased by 1 μM Ga(NO3)3. 
Time-lapse images of GFP-labeled P. aeruginosa in biofilm reactors from  
4 separate experiments were collected in the presence and absence of 1 μM 
Ga(NO3)3. Dividing times of attached bacteria were measured by counting 
the number of frames between 50 cell divisions. The percentage of daughter 
cells detaching from the surface was determined by observing 100 daughter 
cells and averaging the results; *P < 0.001 versus the untreated control. 
(C) Ga potentiates the growth-inhibitory effects of lactoferrin. 104 planktonic 
P. aeruginosa were inoculated in biofilm medium with various concentra-
tions of lactoferrin alone or lactoferrin mixed with Fe or Ga. Cultures were 
then grown for 24 hours, and the OD600 was measured. Fe (1 μM) blocked 
the growth-inhibitory effects of lactoferrin, but Ga potentiated it. Results 
are the mean of 3 separate experiments; error bars are SEM; *P < 0.001 
versus the untreated control. (D) Ga potentiates the antibiofilm effects of 
lactoferrin. Confocal microscopic images of GFP-labeled P. aeruginosa 
grown in flow cells with biofilm medium alone and medium containing lac-
toferrin (20 μg/ml) or lactoferrin (20 μg/ml) plus Ga(NO3)3 (1 μM). Images 
are top views (x-y plane) obtained after 5 days of growth; scale bar: 50 μm.  
Results are representative of 3 separate experiments. See Supplemental  
Figure 3 for counts of attached bacteria.
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likely complex and not solely determined by a simple competi-
tion for uptake systems.

To further investigate Ga’s mechanism of action, we examined 
the effect of Ga on the gene expression profile of P. aeruginosa. 
Microarray analysis was performed using batch cultures in biofilm 
medium to the middle of exponential phase in the presence and 
absence of a subinhibitory concentration of Ga (1 μM; see Figure 1A).  
Since the Ga-treated bacteria grew at nearly the same rate as 
untreated cells, we thought these conditions would increase our 
chances of detecting expression changes directly caused by Ga and 
would minimize nonspecific toxic effects.

Using a P value threshold of 0.01 and a 3-fold expression 
change cutoff, we found 27 genes to be induced by Ga treatment 
and 47 genes repressed (Table 1 and Supplemental Table 1).  
Several findings were of note. First, Ga treatment altered the 
expression of genes involved in carbon utilization and reduced 
expression of ribosomal genes (Supplemental Table 1). These 
changes may reflect secondary stress effects, despite the fact that 
the concentration of Ga used had a minimal effect on growth. 
Second, we found that Ga exposure did not induce the expres-
sion of invasive virulence factors. This is significant because 
previous work has shown that Fe limitation can induce elastase, 

Figure 4
Ga kills established biofilms. (A) Biofilms were grown using GFP-labeled P. aeruginosa for 3 days in the absence of Ga; treated with 100 μM  
Ga(NO3)3 for the indicated time periods; and stained with 30 μM propidium iodide, which labels dead cells red. Top images are top-down 
views (x-y plane); bottom images are side views (x-z plane); the dotted line represents the biofilm growth surface; scale bars: 50 μm. Results 
are representative of 4 separate experiments. (B) High-magnification image of the biofilm killing pattern of Ga and tobramycin. Three-day-
old P. aeruginosa biofilms (grown without Ga) were treated with Ga(NO3)3 (100 μM) or tobramycin (1 μg/ml) for 48 hours and stained as 
described in A. Ga preferentially killed bacteria in the central regions, whereas tobramycin preferentially killed bacteria located in the biofilm 
periphery. Images are top-down views (x-y plane); scale bar: 50 μm. Results are representative of 3 separate experiments. (C) Fe addition 
eliminates the central biofilm killing pattern of Ga. GFP-labeled P. aeruginosa biofilms were grown in flow cells for 3 days with or without 
FeCl3 (50 μM), treated with 100 μM Ga(NO3)3 for 48 hours, and then stained as described in A. Fe addition eliminated the central killing 
pattern of Ga. Top images are top-down views (x-y plane); bottom images are side views (x-z plane); the dotted line represents the biofilm 
growth surface; scale bar: 50 μm. Results are representative of 3 separate experiments. (D) Evidence for Fe starvation in the central biofilm 
regions. P. aeruginosa constitutively expressing red florescent protein and containing the pvdA-gfp(S) reporter (which fluoresces green 
during Fe limitation; see Supplemental Figure 4) were grown in biofilms for 3 days. In the absence of added Fe, the central biofilm regions 
appeared green, indicating Fe limitation. Fe addition reduced the size of the central Fe-starved (green) region within 2 hours. Images are 
top-down views (x-y plane); scale bar: 50 μm. All images in D were taken with identical confocal microscope settings, and results are rep-
resentative of 3 separate experiments.
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exotoxin A, rhamnolipids, and other factors that increase the 
invasiveness and toxicity of P. aeruginosa (32–34).

Third, Ga treatment (in the absence of Fe limitation) induced 
some expression changes characteristic of Fe starvation and others 
that typify the Fe-replete state (Table 1). For example, Ga treatment 
induced the expression of pyochelin biosynthetic genes, known 
to be induced by Fe limitation (33). In contrast, Ga repressed the 
transcriptional regulator pvdS and genes under its control, which 
are among the most highly induced by Fe starvation (33). The pvdS 

regulator controls genes involved in the synthesis of pyoverdine, 
the pyoverdine receptor, and other Fe-responsive genes (33).

To determine whether Fe limitation could overcome Ga-induced 
repression of pvdS-controlled functions, we exposed P. aeruginosa 
to Ga in a defined medium and progressively lowered the Fe 
concentration. Ga exposure abolished the increased pyoverdine 
biosynthesis (Figure 6C) and pyoverdine gene expression (Supple-
mental Figure 7) that normally occurs during Fe limitation. The 
mechanism by which Ga represses pvdS-controlled functions is 

Figure 5
The uptake and antimicrobial activity of Ga does not depend on major P. aeruginosa Fe-uptake systems. (A) P. aeruginosa takes up Ga. WT 
P. aeruginosa takes up Ga in concentration-dependent manner. Isogenic strains lacking functional pyoverdine, pyochelin, pyoverdine and 
pyochelin, and ferric uptake systems also took up Ga. Values are mean of 4 experiments and are not statistically different from each other 
(P = 0.17–0.37). (B–E) P. aeruginosa strains lacking functional pyoverdine, pyochelin, pyoverdine and pyochelin, and ferric citrate uptake 
systems showed sensitivity to Ga’s growth-inhibitory effect that was similar to that of WT P. aeruginosa. Arrows show the final culture density 
obtained when WT P. aeruginosa was treated with the same concentration of Ga(NO3)3 (10 μM). Results are the mean of 3 separate experi-
ments; error bars are SEM. (F) Fe-uptake mutants are sensitive to the antibiofilm effects of Ga. GFP-labeled bacteria were grown in flow 
cells perfused with biofilm medium without (top) and with (bottom) 1 μM Ga(NO3)3. Inactivation of the pyoverdine system produced biofilms 
with a flat structure, as described previously (11). Images were obtained after 5 days and are top-down views (x-y plane); scale bar: 50 μm. 
Results are representative of 3 experiments.
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not known. Previous work showed that pyochelin biosynthesis 
genes and the pvdS regulon are coordinately controlled by the 
master Fe regulator Fur (33). Thus, Ga appears to disrupt typical 
patterns of Fe signaling.

Repression of pvdS contributes to Ga’s antimicrobial activity. Our find-
ings that Ga decreased bacterial Fe uptake and repressed pvdS 
(which controls genes involved in Fe acquisition), coupled with 
the fact that Ga’s activity is enhanced when Fe is low (Figure 1C,  
Figure 2B, and Figure 3, C and D), led us to hypothesize that 
repression of pvdS may contribute to Ga’s antimicrobial effects.

To test this, we constructed a P. aeruginosa strain with pvdS con-
trolled by an arabinose-inducible promoter so that we could over-
ride pvdS repression during Ga treatment. We confirmed that this 
construct inducibly expressed pvdS-controlled genes by measuring 
pyoverdine production and the fluorescence of a pvdA-gfp reporter 
(Supplemental Figure 8, A and B). As shown in Figure 7A, over-
riding the Ga-induced repression of pvdS protected P. aeruginosa 
from Ga’s growth-inhibitory effects. These data suggest that the 
antimicrobial activity of Ga is mediated in part by repression of 
some gene(s) in the pvdS regulon.

We hypothesized that the pyoverdine system was involved in 
Ga’s effects because it is pvdS controlled and because repression 
of pyoverdine could decrease Fe uptake. We tested this hypoth-
esis in 2 ways. First, we forced pvdS expression (during Ga treat-
ment) in a P. aeruginosa strain in which pyoverdine genes were 
inactivated and found that the protective effects of overriding 
pvdS repression were largely lost (Figure 7B). Second, we exog-
enously added purified pyoverdine (to the pyoverdine mutant) 
during Ga treatment. As shown in Figure 7C, pyoverdine addi-
tion protected P. aeruginosa from the growth-inhibitory effects 
of Ga (although this protection could be overcome by high Ga 
concentrations). Furthermore, pyoverdine addition eliminated 
the Ga-induced inhibition of Fe uptake, and, surprisingly, it also 
decreased bacterial Ga uptake (Figure 8, A and B).

Taken together, these data indicate that repression of pyover-
dine (mediated by pvdS) contributes to Ga’s antimicrobial activ-
ity. The reduced levels of pyoverdine decrease Fe uptake and 
allow increased Ga uptake. These effects also likely contribute to 
the enhanced Ga sensitivity of Fe-starved bacteria. Ga treatment 

blocks protective pyoverdine secretion in Fe-limited cells as well 
(Figure 6C), and low Fe levels likely increase the ability of Ga to 
substitute for Fe at critical sites.

Ga is effective in mouse lung infection models. Our in vitro data sug-
gest that Ga may be an effective antipseudomonal antibiotic. The 
growth-inhibitory and bactericidal activity of Ga against planktonic 
cells could be effective in acute infections, and its antibiofilm action 
could be beneficial in chronic infections. To test Ga’s efficacy in a 
severe acute infection, we administered a lethal dose of the highly 
virulent P. aeruginosa strain PA103 to mice by inhalation. PA103 
expresses cytotoxins by a type III secretion mechanism, and work in 
a number of models shows that this strain produces rapid bacterial 
dissemination and death (35, 36).

A single dose of inhaled Ga administered 3 hours after infection 
reduced histological evidence of lung injury (Supplemental Figure 9)  
and was almost completely effective in preventing death caused by 
PA103 sepsis (Figure 9A). Furthermore, instilling FeCl3 into the 
lungs immediately prior to infection eliminated Ga’s antimicro-
bial action (Figure 9B). These data show that Ga is effective in a 
severe acute infection and suggest that, as in vitro, Ga’s in vivo 
activity results from disruption of Fe-dependent processes.

We also tested the ability of Ga to prevent biofilm formation in a 
chronic airway infection model (37, 38). In this model a small plas-
tic tube is inserted in either main bronchus of mice. Planktonic  
P. aeruginosa is then infused, and biofilm formation occurs on the 
tube. Ga was administered by the inhaled route 3 times a day for 
9 doses beginning 5 hours after infection. As shown in Figure 9C,  
Ga treatment reduced the number of bacteria in the lungs by 
approximately 1,000-fold. Of note, the mice appeared to tolerate 3 
days of Ga treatment well. These data suggest that in addition to 
its activity in acute infections, Ga may have activity in infections 
where biofilm formation occurs.

Discussion
The competition for Fe is critical in the struggle between patho-
gen and host. Here we explore an antimicrobial approach that 
targets bacterial Fe metabolism by exploiting the chemical simi-
larities between Fe and Ga. In in vitro studies, we found that low 
concentrations of Ga inhibit P. aeruginosa growth and prevent 

Figure 6
Ga blocks Fe uptake by P. aeruginosa. (A) WT bacteria were grown to mid-log phase in 10% TSB medium with increasing concentrations of Ga 
and 2 μM 59Fe. Ga inhibited Fe uptake by P. aeruginosa in a concentration-dependent manner. Values are mean of 4 experiments. Error bars 
are SEM; *P < 0.001 versus the untreated control. (B) Fe addition does not block Ga uptake by P. aeruginosa. WT bacteria were grown to mid-
log phase in 10% TSB medium with increasing concentrations of Fe and 2 μM 67Ga. Ga had little effect on Fe uptake by P. aeruginosa. Values 
are mean of 4 experiments and are not statistically different from each other (P = 0.33–0.68); error bars are SEM. (C) Ga represses pyoverdine 
production normally induced by Fe starvation. WT P. aeruginosa was grown in BM2 medium with indicated concentrations of FeCl3 in the pres-
ence and absence of Ga (2 μM). Ga treatment blocked the increase in pyoverdine production normally induced by Fe starvation. Ga also blocked 
pyoverdine gene expression induced by Fe starvation (Supplemental Figure 7).
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biofilm formation and that high levels kill planktonic bacteria 
and established biofilms. Although the available P. aeruginosa 
lung infection models are imperfect, we found corresponding 
effects in animal infections: Ga effectively cured acute lethal 
pneumonia, and early treatment reduced bacterial counts in 
an airway biofilm infection by approximately 1,000-fold. These 
data suggest that Ga’s ability to disrupt Fe metabolism in  
P. aeruginosa could be therapeutically useful in both acute and 
chronic infections.

Our experiments begin to shed light on Ga’s mechanism of 
action. We found that Ga is internalized by P. aeruginosa, inter-
feres with Fe signaling, and decreases bacterial Fe uptake. Some 
of Ga’s antimicrobial activity is mediated by repression of the 
transcriptional regulator pvdS, as overriding pvdS repression 
partially protected bacteria from Ga’s growth-inhibitory action. 
Furthermore, our data indicate that repression of pyoverdine 
(by pvdS) plays an important role in Ga’s action, as the protec-
tive effect of overriding pvdS repression was lost in a pyoverdine 
mutant. Consistent with this, we found that the exogenous 
addition of pyoverdine decreased Ga uptake, prevented the Ga-
induced reduction of Fe uptake, and protected bacteria from Ga’s 
growth inhibitory effects. Taken together, these data suggest that 
Ga exposure, may set bacteria on a self-destructive course. Ga 
reduces pyoverdine expression (via pvdS), which in turn increases 

Ga uptake and decreases Fe uptake. Both of these effects are like-
ly to augment Ga’s antimicrobial activity.

The mechanism through which pyoverdine protects cells from 
Ga uptake is unknown. One possibility is suggested by the finding 
that Fe uptake by pyoverdine involves Fe reduction (31). Since Ga 
cannot be reduced, pyoverdine-bound Ga may not enter cells. If 
this is true, secreted pyoverdine may act like flypaper or a sponge, 
binding up Ga and keeping it away from Fe-requiring cellular 
machinery. Another possibility relates to pyoverdine’s action as a 
signaling molecule that can modulate bacterial gene expression 
(34). In this case, pyoverdine could induce some function that 
decreases Ga uptake. While additional work will be required to 
understand the mechanism, our data raise the possibility that 
pyoverdine may serve the previously unrecognized function of 
limiting the uptake of Ga and perhaps other toxic trivalent met-
als. This possibility is evolutionarily plausible, as the natural soil 
and water environments of P. aeruginosa contain low (nanomolar) 
concentrations of Ga (39).

While our work implicates pvdS and pyoverdine in Ga’s action, 
it is likely that Ga has other, more direct antimicrobial effects. In 
support of this idea, we found that higher Ga levels could over-
come the protective effect of pyoverdine. Given Ga’s general abil-
ity to substitute for Fe, it could interfere with many Fe-requiring 
enzymes, including ribonucleotide reductase, which catalyzes 

Table 1
Selected gene expression changes induced by Ga treatment

P. aeruginosa 	 Gene	 Fold change after 	 AnnotationA	 Induced by 	 FurB or  
ORF no.		  Ga treatment		  low Fe (33)	 IS boxC

Fe uptake

Pyoverdine uptake system
PA2385	 pvdQ	 –3.2	 PvdQ	 Yes	 Fur
PA2386	 pvdA	 –4.2	 l-ornithine N5-oxygenase	 Yes	 IS
PA2393		  –4.7	 Probable dipeptidase precursor	 Yes	 IS
PA2394	 pvdN	 –4.1	 PvdN	 Yes
PA2413	 pvdH	 –5.0	 l-2,4-diaminobutyrate:2-ketoglutarate 	 Yes	 IS 
			   4-aminotransferase, PvdH
PA4168	 fpvB	 –5.9	 Probable TonB-dependent receptor	 No

Pyochelin uptake system
PA4231	 pchA	 6.7	 Salicylate isochorismate synthase	 Yes
PA4230	 pchB	 6.5	 Salicylate biosynthesis protein PchB	 Yes
PA4229	 pchC	 4.3	 Pyochelin biosynthetic protein PchC	 Yes
PA4224	 pchG	 4.6	 Pyochelin biosynthetic protein PchG	 Yes
PA4223	 pchH	 9.1	 Probable ATP-binding component 	 Yes 
			   of ABC transporter

Heme uptake system
PA4710	 phuR	 –3.4	 Haem/haemoglobin uptake receptor	 Yes	 Fur

Sigma factors
PA2426	 pvdS	 –4.6	 Sigma factor PvdS	 Yes	 Fur
PA1912		  –3.1	 Probable sigma-70 factor	 No	 Fur

Oxidative stress response
PA4468	 sodM	 –5.6	 Superoxide dismutase	 Yes
PA4469		  –4.7	 Hypothetical protein	 Yes
PA4470	 fumC1	 –5.7	 Fumarate hydratase	 Yes
PA4471	 fagA	 –4.2	 Hypothetical protein	 Yes	 Fur

AGene name, number, and annotation are from the Pseudomonas Genome Database (http://www.pseudomonas.com). BFur box recognized by Fur regulator 
(GATAATGATAATCATTATC) (33). CIS (Fe starvation) box recognized by PvdS (TAAAT-N16-CGT) (33).
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the first step in DNA synthesis (40); superoxide dismutase and 
catalase, which protect against oxidant stress (41); enzymes 
involved in oxidative phosphorylation such as cytochromes; and 
others. It is also possible that Ga could act on several targets 
simultaneously. If this is true, fully defining Ga’s mechanism of 
action may be difficult. However, this would also suggest that 
mutation of a single intracellular target is unlikely to produce 
high-level Ga resistance.

Our work involves several assumptions and limitations. In the 
Ga and Fe uptake studies, we used a more concentrated tryp-
tic soy broth (TSB) medium (with higher Fe levels) than was 
used in the biofilm and growth experiments. This was neces-
sary because we found that Ga and Fe uptake were markedly 
reduced if growth was inhibited by Ga, probably due to sec-
ondary effects related to low metabolic activity. In interpreting 
the uptake data, we made the assumption that the trends in 
Ga and Fe uptake observed in conditions involving minimal 
growth inhibition reflect the primary actions of Ga that medi-
ate its effects. We think this is a reasonable assumption, but it 
is possible that different Ga and Fe uptake dynamics occur in 
the course of Ga’s antimicrobial activity.

The in vivo experiments also have limitations. The nasal aspira-
tion treatment method we used does not replicate aerosol treat-
ment modalities used in humans. It is possible that inhalation 
of aerosol droplets (used in human treatment) could have dif-
ferent effects. Furthermore, we have not ruled out the possibility 
that some of Ga’s therapeutic action is due to antiinflammatory 
effects; Ga has been shown to have antiinflammatory activity in 
vitro and in vivo (42). Another limitation is that in our biofilm 
infection studies, we initiated treatment soon (5 hours) after bac-

terial inoculation. While these experiments suggest that Ga may 
be effective during the early stages of biofilm formation in vivo, 
we have not determined whether Ga has efficacy against biofilm 
infections that have been established for prolonged periods. More-
over, it is unclear whether any P. aeruginosa animal model predicts 
efficacy in human infections.

Further work and, ultimately, human studies will be needed 
to determine whether Ga is an effective antimicrobial treatment. 
Several of our findings suggest that it holds promise and could 
offer some advantages over conventional therapies. First, antibi-
otic-resistant organisms (even those with multidrug resistance) 
are generally sensitive to Ga. This is likely due to the fact that Ga 
works by a completely different mechanism than conventional 
drugs. Second, Ga’s ability to prevent biofilm formation and to kill 
established biofilms (if high levels can be tolerated) raise the pos-
sibility that it may be effective against chronic infections in which 
biofilm growth has been implicated. 

Our finding that Ga is particularly effective against cells 
located in the center of biofilm structures is also encouraging. 
Centrally located bacteria are relatively resistant to conventional 
antibiotics such as tobramycin, and Ga appears to exploit the Fe 
limitation that occurs in these regions. Third, our experiments 
indicate that Ga enhances the antimicrobial actions of lacto-
ferrin, and it also may augment other Fe-withholding defense 
mechanism. Because lactoferrin is known to act synergistically 
with other host defenses (43), enhancing its activity could have 
amplified effects. Finally, the fact that Fe levels are so low in 
human tissues, and that Ga’s activity is increased when Fe is lim-
ited, raises the possibility that Ga may be more effective in vivo 
than our in vitro data indicate.

Figure 7
Repression of pyoverdine expression via the transcriptional regulator pvdS contributes to Ga’s antimicrobial activity. (A) Overriding pvdS 
repression protects P. aeruginosa from the growth-inhibitory effects of Ga. P. aeruginosa containing the arabinose-inducible pvdS construct 
or an empty vector were grown in biofilm medium with or without 5 μM Ga and 0.05% arabinose (arabinose was present from the beginning of 
the experiment). Results are the mean of 3 experiments; error bars are SEM; *P < 0.001 versus untreated control; ‡P < 0.001 versus 5 μM Ga. 
Consistent with this result, inactivation of pvdS somewhat increased Ga sensitivity (see Supplemental Figure 11). (B) The protective effect of 
pvdS expression depends on pyoverdine. The pvdA mutant containing the inducible pvdS construct or the empty vector was grown in biofilm 
medium with or without 5 μM Ga, 0.05% arabinose, or 20 μM of pyoverdine. The protective effect of overriding pvdS repression during Ga 
treatment that was seen in WT cells (A) was lost in the pvdA mutant. (C) Pyoverdine protects P. aeruginosa from the growth-inhibitory effects 
of Ga. The pvdA mutant was grown in biofilm medium with or without 5 μM Ga, 20 μM Ga, and 20 μM of pyoverdine. Exogenous addition of 
pyoverdine protected bacteria from the growth-inhibitory effects of 5 μM Ga. Higher levels of Ga (20 μM) overcome the protective effects of 
pyoverdine. Results are the mean of 3 experiments; error bars are SEM; *P < 0.001 versus untreated control; ‡P < 0.001 versus 5 μM Ga;  
§P < 0.001 versus 5 μM Ga plus 20 μM pyoverdine.
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Methods
Chemicals, media, and bacteria. Ga(NO3)3, lactoferrin, FeCl3, sodium citrate, 
l-arabinose, and antibiotics were purchased from Sigma-Aldrich. For the 
in vitro studies, Ga(NO3)3 was dissolved in water and adjusted to pH 7. For 
the in vivo studies, Ga(NO3)3 (250 mM) in 100 mM sodium citrate adjusted 
to pH 7 was used. TSB diluted in water was used as the medium for most 
experiments; 1% TSB (biofilm medium) was used for growth, biofilm, and 
microarray experiments; 10% TSB was used in the metal uptake experi-
ments. Cultures were incubated at 37°C unless otherwise indicated. BM2 
medium consisted of 40 mM K2HPO4, 22 mM KH2PO4, 7 mM (NH4)2SO4, 
34 mM succinic acid, and 1 mM MgSO4 adjusted to pH 7. Pyoverdine was 
provided by C. Cox (University of Iowa, Iowa City, Iowa, USA). Bacterial 
strains (and their construction) are described in Supplemental Table 1.

Growth, killing, and biofilm experiments. Growth experiments used 104 mid-
log-phase cells grown in 1% TSB, and bactericidal assays used 108 stationary-
phase PA01. Studies of biofilm formation were 
performed and imaged (at 25°C) as described 
previously (9). Some biofilms were stained with 
propidium iodide: 4 μM to counterstain; 30 μM 
to detect nonviable cells (44). Ga susceptibility 
of clinical isolates was determined by measuring 
the OD590 in BM2 medium with 0.1% casamino 
acids (BD) after 24 hours of growth. Pyoverdine 
measurements in culture supernatants were per-
formed as described in ref. 45.

Transcriptome analysis. Duplicate cultures 
of PA01 were grown in 1% TSB with 1 μM 
Ga(NO3)3 or 3 μM NaNO3 (as a control) at 
37°C with shaking. RNA was isolated from  
2 × 109 mid-log cells. RNA purification, cDNA 
synthesis, labeling, processing of microarrays 
(Affymetrix), and data analysis were performed 
as previously described (46, 47). Gene expression 
levels were averaged from duplicate chips, and 
expression was characterized as being increased 
or decreased according to a P threshold of 0.01, 
a posterior probability of differential expression 
of greater than 0.90, and a fold change of at least 
3.0 was used. 4,523 genes were expressed above 
the detection limit, and 1,047 genes were not sig-
nificantly expressed under either condition.

Metal uptake studies. 5 × 106 organisms/ml 
were mixed with 59Fe citrate, 67Ga nitrate, and 
in some cases unlabeled metal and incubated in 

10% TSB medium with or without 0.05% arabinose at 37°C for 6 hours. A 
1-ml aliquot was withdrawn, OD600 measured, and centrifuged at 10,000 g 
at 4°C for 10 minutes. The cell pellet was washed 3 times to remove non-
internalized metal using 5 mM ascorbate, pH 4.5 (for Fe), or 1 mM EDTA 
(for Ga), and bacteria-associated radioactivity measured using a gamma 
counter. To calculate the picomoles of metal acquired per 108 organisms, 
2–4 nmol of 59Fe citrate and 67Ga nitrate was counted.

Infection models. All experiments were approved in advance by the Animal 
Care and Use Committee of the University of Iowa. For the acute infection 
experiments, 8- to 12-week-old C57BL/6 pathogen-free mice (The Jackson 
Laboratory) were anesthetized, and 50 μl of PBS containing 1 × 106 cfu/ml  
of PA103 were administered intratracheally. Fifty microliters of 250-mM 
Ga(NO3)3 or vehicle was given 3 hours later by intranasal administration. 
Some animals were pretreated with 10 μl of 2 mM FeCl3 in PBS with 2 mM  
sodium citrate, or sodium citrate alone. Animals were euthanized if they 

Figure 8
Pyoverdine reduces the Ga-induced repression of Fe uptake and 
decreases Ga uptake. (A) Pyoverdine protects P. aeruginosa from 
Ga-induced repression of Fe uptake. The pvdA mutant was grown 
in medium containing 2 μM 59Fe and 5 μM Ga, with or without 20 μM 
pyoverdine. Ga reduced bacterial Fe uptake in the absence of pyover-
dine. Pyoverdine addition protected cells from this effect. Results are 
expressed as percent of Fe uptake in the absence of Ga and are the 
mean of 3 experiments; error bars are SEM; *P < 0.001 versus untreat-
ed control. (B) Pyoverdine protects P. aeruginosa from Ga uptake. The 
pvdA mutant was grown in biofilm medium containing 2 μM 67Ga with 
and without 20 μM pyoverdine. Pyoverdine addition decreased bacterial  
67Ga uptake. Results are the mean of 3 experiments; error bars are 
SEM; *P < 0.001 versus untreated control.

Figure 9
Ga is effective in 2 different P. aeruginosa lung infection animal models. (A) Mice treated 
with Ga are protected from lethal P. aeruginosa pneumonia. P. aeruginosa strain PA103  
(5 × 105 bacteria) was administered to mice by the intratracheal route. Mice were treated 
with a single dose of inhaled Ga (or vehicle alone) 3 hours after infection. Inhalation treat-
ment was achieved by placing a 50-μl drop of concentrated Ga(NO3)3 (250 mm) or Ga-free 
vehicle on the nares of the mice. Because mice are obligate nose breathers, some of the drop 
was inhaled. Data are representative of 4 separate experiments (n = 6 mice in each group);  
*P < 0.005 versus vehicle control. Ga was also effective against acute pneumonia produced 
by strain PA01 (Supplemental Figure 10). (B) Preloading the lung with Fe blocks Ga’s antimi-
crobial effects. Ten microliters of 2 mM FeCl3 (or Fe-free vehicle) was administered to mice by 
the intratracheal route immediately prior to infection. Mice (n = 8 per group) were treated with 
Ga as described in A. Data are representative of 3 separate experiments; *P < 0.005 versus 
Fe-free control. (C) Inhaled Ga is effective in a mouse airway biofilm infection model. Infec-
tions were established as described in Methods. Mice were treated with vehicle alone or Ga 
(as described in A) 3 times a day for 3 days. Lungs were homogenized, and bacterial counts 
determined by plating (n = 4 mice per group). Data are representative of 3 separate experi-
ments; *P < 0.005 versus vehicle control.
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became moribund, distressed, or unable to eat or drink. The biofilm infec-
tion model was performed as described in refs. 37 and 38 using 2 × 107 

CFU/ml mid-log-phase PA01 in 50 μl of PBS. Intranasal treatment with 
50 μl of 250 mM Ga(NO3)3 or vehicle was begun 5 hours later and contin-
ued 3 times daily for 3 days. Animals were then sacrificed, the lungs were 
removed and homogenized, and bacteria enumerated by plate counting.

Statistics. Survival was followed for 72 hours and the data were plotted 
on Kaplan-Meier curve. The Student’s t test (2-tailed) was performed 
for statistic analysis. A P value less than 0.005 was used to indicate a 
significant difference.
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